ABSTRACT. Cross-species amplification of 55 microsatellite loci developed in european chestnut (Castanea sativa Mill.) and japanese chestnut (C. crenata Sieb & Zucc.) was tested in three chestnut species from China [C. mollissima Blume, C. seguinii Dode, and C. henryi (Skan.) Rehder & Wilson]. Among all the tested loci, 47 (85.5%), 47 (85.5%), and 44 (80%) were successfully amplified in each of the three Chinese species, respectively. All microsatellite loci tested from C. crenata successfully amplified in the Chinese species, while only 80.5%, 80.5%, and 73.2% of the loci originating from C. sativa amplified in the three Chinese species. The level of polymorphism and mean number of alleles was 58.2% and 4.12 for C. mollissima, 60% and 4.64 for C. seguinii, and 60% and 4.76 for C. henryi, with mean observed heterozygosity ranging from 0.440 to 0.549 and mean expected heterozygosity ranging from 0.506 to 0.615. Transferability of Castanea Mill. microsatellites provides a powerful tool for chestnut breeding programs and conservation genetic studies of Castanea species.
The genus Castanea is comprised of seven economically and ecologically important timber tree taxa that are widely distributed in the temperate forests of the Northern Hemisphere (Johnson, 1988) . The center of origin of Castanea is located in China where three endemic chestnuts occur: C. mollissima, C. seguinii, and C. henryi (Lang, 2004; Lang and Huang, 1999) . C. mollissima, C. crenata, and C. sativa are economically important for chestnut nut production. C. mollissima is valued for its resistance to chestnut blight fungus [Cryphonectria parasitica (Murrill) Barr] and has been used as a source of blight resistance genes in chestnut breeding (Rutter et al., 1990) . A closely related species, C. seguinii, has little value for nut production due to its small nut size, but it is highly valuable for chestnut breeding because of its dwarf stature, precocity, and heavy yielding of nuts that provide a food source for wildlife (Jaynes, 1979) . Castanea henryi is a keystone forest plant and a good timber tree. Many Chinese chestnut cultivars and landraces have been cultivated for centuries in China. However, development of a modern chestnut industry is hampered in China because of cultivar mixing and lack of international standards for chestnut marketing. Therefore, there is an urgent need for cultivar identification and fingerprinting of traditional cultivars and landraces using molecular markers. Moreover, due to overharvesting and deforestation, natural resources and wild populations of Chinese native chestnut species have been seriously damaged in recent decades. Thus, for the formulation of a long-term conservation strategy, the inventory of natural genetic diversity of Chinese Castanea populations is critical, and a set of molecular markers is also required.
Microsatellites or simple sequence repeats (SSRs) are DNA segments containing short sequence repeats (1-6 nucleotides) and have been widely recognized as powerful and informative markers due to their abundance, codominance, high polymorphism, and ease of use with the polymerase chain reaction (PCR) (Kuleung et al., 2004; Peakall et al., 1998) . In plants, SSRs are useful for cultivar identification, genetic linkage mapping, and marker-assisted selection in breeding and population genetic studies (Barreneche et al., 1998; Butcher et al., 2000; Steinkellner et al., 1997) . Microsatellites have been developed in Castanea species, for example, in C. crenata and C. sativa (Buck et al., 2003; Marinoni et al., 2003; Yamamoto et al., 2003) , and also have recently been applied in the genetic studies of C. crenata and american chestnut [C. dentata (Marsh.) Borkh] (Kubisiak and Roberds, 2006; Tanaka et al., 2005) . However, few studies have been reported on Chinese Castanea species using microsatellite markers due to the lack of efforts in development of microsatellite markers for Chinese chestnuts. Nevertheless, the lack of microsatellite markers directly developed from Chinese chestnuts could be largely solved by considering the great conservation of SSR flanking regions in closely related species (Bushar et al., 2001; Schnell et al., 2005; Steinkellner et al., 1997) . Thus, screening primers from different sources can offer a potential chance for the development of SSR markers for species without prior sequence information (reviewed by Barbará et al., 2007) . In the present study, we analyzed the transferability of 55 microsatellite loci originally developed from C. sativa and C. crenata in three Chinese endemic Castanea species (C. mollissima, C. seguinii, and C. henryi), and tested this set of SSR loci for robust use in a genetic study of Chinese Castanea species.
Materials and Methods
PLANT MATERIALS AND DNA EXTRACTION. To test the transferability of microsatellite loci, 30 individuals of each the three Chinese species were randomly sampled as a test population from Jishou city of Hunan province (C. mollissima), Pingba county of Guizhou province (C. seguinii) and Zigui county of Hubei province (C. henryi). Young leaves were collected and stored with silica gel until DNA extraction. About 0.25 g of dry leaf tissues were ground into powder in Eppendorf tube containing 5 · 5-mm magnetic bead, using a FastPrep FP 2000 mill (Thermo Electron, Waltham, MA). DNA was extracted following a modified protocol from Doyle and Doyle (1987) with some modifications: the extraction buffer contained 10% polyvinylpyrrolidone and 2% Na 2 S 2 O 5 , and the lysis buffer contained 3% cetyltrimethyl ammonium bromide and 2% Na 2 S 2 O 5 . DNA was dissolved in 200 mL of TE solution (10 mM Tris-HCl buffer solution, pH 8.3, and 1 mM EDTA, pH 8.0); 20 mg of RNase was added to the solution, which was then incubated at 37°C for 1 h. DNA concentration was quantified by spectrophotometry (GENEQUANT; Eppendorf, Hamburg, Germany).
PCR AMPLIFICATION AND DATA ANALYSIS. Fifty-five pairs of SSR primers were tested (Table 1 ), 14 pairs from C. crenata (Yamamoto et al., 2003) and 41 from C. sativa (eight were reported by Buck et al., 2003 and 33 by Marinoni et al., 2003) . For transferability analyses, each locus was first amplified using four individuals of each species, randomly chosen from the 30 individuals sampled. PCR reactions were performed in a final volume of 10 mL containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.5 mM each primer, 0.2 mM dNTPs, 25 ng of genomic DNA, and 0.25 U of Taq polymerase (Shenergy Biocolors, Shanghai, China). The PCR amplification was conducted in a Mastercycler gradient thermocycler (Eppendorf) using the following thermal profile: 5 min of denaturation at 95°C, 35 cycles of 1 min at 94°C, 45 s at the annealing temperature of 45°C to 67°C depending on the different primers and different species (Buck et al., 2003; Marinoni et al., 2003; Yamamoto et al., 2003) , 1 min and 30 s at 72°C, with a final extension at 72°C for 7 min. The amplification products combined with three-quarters volume of formamide loading buffer (98% formamide, 10 mM EDTA, pH 8.0, 0.25% bromphenol blue, and 0.25% xylene cyanol) were denatured at 94°C for 5 min and were electrophoresed in 6% denaturing polyacrylamide gels using Sequi-Gen GT System (BioRad, Hercules, CA). Electrophoresis was carried out with 1· Tris-borate-EDTA buffer for 1.5 h at 55 W. Silver staining was conducted according to the protocol of Sanguinetti et al. (1994) .
For each microsatellite locus, sizes of the alleles were estimated by comparison with standard size DNA markers (25-bp DNA ladder; Promega, Madison, WI) and were scored across all of the samples manually. Control samples were used to ensure that the same alleles were obtained whatever the method used. For those primers that produced clear bands and reproducible amplification, 30 individuals of each species were genotyped. GENEPOP software (version 3.4; Raymond and Rousset, 1995) was used to perform exact tests for the deviations from Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) within populations using the Markov chain method (Guo and Thompson, 1992) . The number of alleles per locus (N a ), observed heterozygosity (H O ), and expected heterozygosity (H E ) (Nei, 1978) were estimated using software GenAlEx, version 6.0 (Peakall and Smouse, 2006) . Total exclusion power of the first [Pr (Ex 1 )] and second parent [Pr (Ex 2 )] were estimated using CERVUS, version 2.0 (Marshall et al., 1998) .
Results and Discussion
Of the 55 microsatellite loci assayed, 90.9% (including 14 loci from C. crenata and 36 from C. sativa) were amplified in at least one of the species tested, and 74.5% (14 from C. crenata and 27 from C. sativa) could be amplified in all three Chinese species (Table 1) . Figure 1 shows transferability of two microsatellite loci, one locus from C. sativa (Fig. 1A) , the other from C. crenata (Fig. 1B) , successfully amplified in the Chinese species. A total of 85.5% loci (14 loci from C. crenata and 33 from C. sativa) can be cross-species amplified in C. mollissima and C. seguinii and 80% (14 from C. crenata and 30 from C. sativa) for C. henryi (Table 2) . Among the successfully amplified loci, 32 (58.2%), 33 (60%), and 33 (60%) loci were found to be polymorphic in C. mollissima, C. seguinii, and C. henryi, and the other 15 (27.3%), 14 (25.5%), and 11 (20%) were monomorphic, respectively (Table 1) . A high percentage of C. crenata markers revealed polymorphism in C. mollissima (13 of 14 loci, 92.9%), C. seguinii, and C. henryi (14 of 14 loci, 100%), which is in good agreement with the results of Yamamoto et al. (2003) , who claimed that all the SSR loci developed in the C. crenata could be applicable to C. mollissima and C. seguinii. However, they found two loci (KT006a and KT015a) that failed to amplify in C. henryi, which is more distant from the other species. Also, our results show a higher number of alleles at some loci and a larger size range than those reported by Yamamoto et al. (2003) . For example, KT002a showed larger allele size range (243-252 bp) in C. seguinii than that in their study (243-249 bp) . This difference may be the result of a larger sample size assayed in this study. In contrast, only 19 loci (46.3%) developed from C. sativa showed polymorphism in the three Chinese species. This is in agreement with results that C. sativa and C. dentata are more closely related to each other than to the Asian species (Lang et al., 2006 (Lang et al., , 2007 . The increase of evolutionary distance might result in a decline of cross-species amplification success rate. In addition, China and Japan are geographically close, thus interspecific introgression might have been taken place between Chinese Castanea species and C. crenata. This also could have led to a higher transferability between Japanese and Chinese chestnuts.
Among the polymorphic loci, a total of 132, 153, and 157 alleles were detected from each of the three random populations containing 30 individuals of C. mollissima, C. seguinii, and C. henryi, with the average value of 4.12 (from 2 to 7), 4.64 (from 2 to 8), and 4.76 (from 2 to 13) alleles per locus (Table 1) . A high level of genetic diversity was observed in the three Chinese chestnut populations, with the mean observed heterozygosity (H O ) of 0.440 (from 0.065 to 1.000) in C. mollissima, 0.549 (from 0.100 to 0.950) in C. seguinii, and 0.508 (from 0.065 to 1.000) in C. henryi, and the average expected heterozygosity (H E ) was 0.506 (from 0.062 to 0.778) in C. mollissima, 0.615 (from 0.375 to 0.815) in C. seguinii, and 0.605 (from 0.063 to 0.882) in C. henryi, respectively (Table 1) . A high level of heterozygosity is commonly observed in Castanea species (e.g., C. dentata: H O = 0.755, H E = 0.818, Kubisiak and Roberds, 2006; crenata: H O = 0.727, H E = 0.780, Tanaka et al., 2005) , which can be explained by the outbreeding nature of species in the genus.
The combined values (overall loci) for the first parent total exclusionary power [Pr (Ex 1 )] were estimated to be 0.9894, 0.9989, and 0.9905 for C. mollissima, C. seguinii, and C. Loci KT001b-KT024a were originally developed for Castanea crenata (Yamamoto et al., 2003) , and EMCs2-EMCs17 and CsCAT1-CsCAT41 for C. sativa (Buck et al., 2003; Marinoni et al., 2003) .
y Predicted product size (for KT001b-KT024a and CsCAT1-CsCAT41) or size range alleles (for EMCs2-EMCs17) of loci in originated species.
x Number of alleles per locus found in each of Chinese Castanea species.
w Size range of alleles in each of Chinese Castanea species.
v Observed heterozygosity (Nei, 1978) .
u Expected heterozygosity (Nei, 1978) . t Probability of exact tests for deviation from Hardy-Weinberg equilibrium (Guo and Thompson, 1992) .
s
The first estimate of paternity exclusion probability.
r
The second estimate of paternity exclusion probability. henryi, respectively, whereas if the genotype of one parent is known, the combined values for the total exclusionary power for the second parent [Pr (Ex 2 )] were 0.9999, 0.9999, and 0.9998 for three chestnuts, indicating that these microsatellite loci are suitable for paternity analysis. High polymorphism and the codominant nature of microsatellite alleles in most cases permits the exclusion of all potential pollen donors only with the use of small number of loci (Dow and Ashley, 1996; Kameyama et al., 2000; Streiff et al., 1999; Wang et al., 2008) . Gene flow analysis using microsatellites polymorphism has been conducted on many wind-pollinated plants (e.g., Nakanishi et al., 2005; Streiff et al., 1999) . The high resolution of this set of microsatellites tested in our study should provide a suitable tool for parentage analysis in breeding programs and pollen and/or seed-mediated gene flow studies for this monoecious and wind-pollinated genus.
Of the 55 loci analyzed, 14, 16, and 19 loci deviated from HWE in C. mollissima, C. seguinii, and C. henryi, respectively, after a Bonferroni correction for multiple tests (P < 0.05, Table  1 ). This might be due to the limitation of sample size or the existence of null alleles. In addition, significant LD were discovered in four pairs of loci (KT001b/KT004a, KT008a/ KT010a, KT005a/CsCAT26, and CsCAT3/EMCs4) in C. mollissima, eight pairs of loci (KT002a/KT004a, KT008a/ KT019a, KT019a/KT024a, KT002a/CsCAT2, KT006a/ CsCAT2, KT009a/CsCAT3, KT008a/CsCAT8, KT019a/ CsCAT8, and CsCAT3/EMCs11) in C. seguinii and two pairs of loci (KT005a/KT007b and KT002a/CsCAT4) in C. henryi, respectively (P < 0.05 after Bonferroni's correction). This is probably due to the small sample size and should be considered before analyses using these loci. However, a difference of microsatellite transferability between the three chestnuts was revealed. Several primer pairs were found to be specific in one or two species, such as EMCs14 and CsCAT21 were amplified only in C. mollissima, while CsCAT38 was amplified only in C. mollissima and C. seguinii. Also, some loci showed monomorphism in one species, but polymorphism in the other species. For example, KT019a and EMCs2 identified monomorphic loci in C. mollissima, while polymorphic loci were found in C. seguinii and C. henryi (Table 1) . Most alleles are shared, which may be due to the shared ancestral variation and/or the recent gene flow resulting from interspecific hybridization. The allele number of loci was found to vary among the species, but species-specific alleles were detected. KT007b showed the 225-bp allele only in C. mollissima, CsCAT12 identified the 300-bp allele only in C. seguinii, and CsCAT16 showed the 168-bp allele only in C. henryi. Although SSR allele specificity needs to be further verified among Chinese chestnut species, these alleles that were found in only one species may provide a potential tool for studying interspecific hybridization and for facilitating the analysis of hybridization among these three closely related species for markerassisted selection. Artificial interspecific crosses among chestnuts have been used to introgress disease and/or pest resistance traits in chestnut breeding programs (e.g., Clapper, 1954; Diller and Clapper, 1969) . Molecular markers such as allozymes also have been applied in chestnut breeding (Huang et al., 1994) . Therefore, these highly polymorphic SSR loci would be more favorable to breeding programs in genus Castanea.
It was suggested that the successful cross-species transferability of microsatellites in plants is largely restricted to congeners and tends to decrease proportionally to phylogenetic divergence between target species and the ''source species'' of microsatellites (Barbará et al., 2007; Peakall et al., 1998; Roa et al., 2000; Varshney et al., 2005; ) . The Chinese chestnut species are considered the most ancestral species in genus Castanea (Lang and Huang 1999; Lang et al., 2006) , and the high transferability (>80.0%) of microsatellite loci revealed a close relationship among these five species used in the present study. Castanea henryi belongs to the section Hypocastanon Dode of the genus, but the other two Chinese chestnut species (C. mollissima and C. seguinii) and the two ''source species'' of microsatellites (C. crenata and C. sativa) are included in section Eucastanon Dode. Castanea mollissima has a closer relationship to C. seguinii than C. henryi (Lang and Huang, 1999) , which is well supported by molecular phylogeny analysis (Lang et al., 2007) . The percentage of transferability among species belonging to the same section was high (C. mollissima and C. seguinii, 85.5%), whereas that belonging to different sections was slightly lower (C. henryi, 80.0%). Therefore, the transferability of microsatellite primers in Castanea was in good agreement with currently accepted phylogeny of the genus. This article demonstrates cross-species amplification of a set of microsatellite primers in the genus Castanea. The fact that over half of microsatellite primers designed for C. sativa and C. crenata can be applied in the three Chinese chestnut species suggests that these microsatellites are relatively conserved in the genus. Likewise, these markers can be widely applicable to other members of Castanea. Yamamoto et al. (2003) have proved the successful transferability of the microsatellite primers of C. crenata to other Castanea species (including the three Chinese chestnut species, C. sativa, and C. dentata). Kubisiak and Roberds (2006) studied the population structure of C. dentata using six microsatellite markers from C. sativa. Furthermore, Barreneche et al. (2004) tested the transferability of microsatellites of Castanea to Quercus L., a genus of the Fagaceae. Therefore, these microsatellite loci should provide a powerful tool for chestnut breeding programs and for conservation genetic studies of Chinese endemic Castanea species and other species of this genus.
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